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ABSTRACT
The global consumption of plastics has soared in the past 50 years culminating to a total of 380 million tons of polymers generated in 2015.
80.5% of this plastic was disposed of or burned, leaving only the remaining 19.5% to be recycled, primarily through mechanical means. This
is far from sustainable and so chemical recycling can be turned to as a solution. In this study, the pyrolysis of high-density polyethylene
(HDPE) and low-density polyethylene (LDPE) has been carried out in a single and double-stage mechanically fluidized reactor using a
continuous regime to create viable fuel replacements and high-value industrial components. Blends of the plastics at varying ratios were also
tested to emulate mixed plastic waste. A temperature range of 550 – 700 oC was used in the single-stage experiments, while the double-stage
experiments added a furnace downstream of the reactor at 800 oC. To characterize the liquid and gaseous products collected, four techniques
were used, namely: Gas-Chromatography Mass-Spectroscopy (GC-MS), Micro Gas-Chromatography (Micro-GC), Karl Fischer Titration, and
Bomb Calorimetry. The results gathered proved that the oil and gas products are suitable for replacing or mixing with conventional diesel and
gasoline. The products, more so those from double-stage pyrolysis, are also applicable for further industrial processing to monomers where
they can be repolymerized into new PE. Plastic blends have demonstrated synergism leading to both higher liquid yields, and the highest
energy content of 46.5 MJ kg-1. Overall, the process consumes 97.4% less energy than it produces making the pyrolysis of plastics a viable
route to sustainable energy and chemicals.
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1.

Introduction

Plastics have become ubiquitous in the modern era. For over 50 years their
use has provided a crucial, and arguably irreplaceable pillar in the
advancement and innovation of countless industries, spanning from
healthcare, to infrastructure, packaging, construction, automotive,
electronics and far more, resulting in over 380 million tons produced in 2015
alone [1]. The demand for plastics has been growing exponentially due to a
tremendous reliance on their unmatched properties; something that is directly
reflected in the equally as exponential increase in disposal of plastic products.
This has never been more prevalent than with the influx of personal
protective equipment and single-use items being disposed of due to COVID19. Current plastics recycling infrastructure is severely lacking, resulting in
only 19.5% of plastics being recycled in 2015, with the rest either incinerated
(25.5%), or discarded (55.0%) leading to tremendous accumulation in nature
[2] [3]. Furthermore, it is estimated that hydrocarbon monomers required to
make plastics account for 6% of global oil consumption. When considering
that in 2016 the global oil consumption was 5.63 × 1012 L, 6% still results
in 3.38 × 1012 L of oil expended, an impressive figure [3] [4]. This leads to
two critical issues that must be addressed: the first being the accumulation of
persistent plastic waste in the environment, and the second being the
depletion of an already-finite resource in the form of petroleum fuel.
Hereby, the thermochemical conversions of waste plastics can accelerate the
transition to sustainability through the valorization of these waste products.
Using technologies such as liquefaction, gasification, and pyrolysis, low
value feedstocks can be upcycled, leading to their use directly as fuels in the
energy economy, or for their uses in the chemical market in an abundance of
industries, thus reducing the need to a) create goods made from virgin
materials, and b) help meet the global energy and chemical demand through
thermolytic recycling.
Goal
The goal of this work is to determine the effectiveness and practical
feasibility of the thermal decomposition of plastic waste into higher-value
products. This will be done in a two-phase research plan using a pyrolytic
reactor before and after its modification to incorporate a secondary
downstream thermal cracking furnace at the Institute for Chemicals and Fuels
from Alternative Resources (ICFAR). The technologies being tested are:
1)
2)

A pilot-scale single-stage vertical mechanically fluidized reactor,
and;
The same mechanically fluidized reactor with the addition of a
secondary downstream furnace for further cracking of the vapor
products before collection.

Reading Guide
Chapter 2 provides the theory and other necessary information that needs to
be understood before further activities can proceed. Chapter 3 follows and
details the experimental setup for this project. Chapter 4 then presents the
results and the discussion. Finally, Chapter 5 offers a conclusion and
recommendations for further research as well as any improvements that could
be made to this research. The bibliography and appendix can be found past
the final chapter.

2.

Theoretical Background

What is Pyrolysis?
Pyrolysis is defined as a thermolysis, or thermochemical conversion process
in which organic and inorganic matter are deconstructed into their base
constituents in an inert atmosphere. This process results in the upgrading of
low-value feedstock into higher-value products that have greater commercial
value and environmental value. The procedure primarily occurs within a
temperature range of 400-700oC, although it can run as low as 300 oC, and as
high as 800-1000oC in appropriate conditions [5] [6].
Types of Plastics
Plastic waste, which is the focus of this study, is abundantly available and
typically appears in six varieties, these being:
1.
2.
3.
4.
5.
6.

Polyethylene Terephthalate (PET);
High-Density Polyethylene (HDPE);
Polyvinylchloride (PVC);
Low-Density Polyethylene (LDPE);
Polypropylene (PP) and;
Polystyrene (PS)

With high- and low-density polyethylene, and polypropylene constituting the
largest portion of plastic waste [2] [7]. Refer to Appendix 3: Classification of
Plastics for a detailed description of the physicochemical properties of the
different classifications of plastics.
Products of Pyrolysis
There are three classes of products that are produced through pyrolytic
processes: char, oil, and synthesis gas. Depending on the parameters of the
reaction taking place (i.e., the temperature, residence time, heating rate, type
of feedstock, etc.), different ratios of these products can be targeted (see
Types of Pyrolytic Reactions).
2.3.1 Char

Here, the single-stage reactor will be used in Phase 1 to decompose the plastic
waste into raw plastic-oil (RPO) ranging from C8 to C30. In Phase 2, the
furnace will be added downstream of the primary reactor to further thermally
crack the vapors into smaller-branch, lower molecular weight products (e.g.,
ethylene, propylene) amendable for repolymerization in the creation of new
plastics; thus eliminating, or at least reducing the reliance on fossil fuels for
the production of new plastics. The products of the single-stage reactor will
be compared to those from the double-stage to determine which process lends
itself to the creation of higher value products.
This study will examine the effects of mechanical fluidization in the vertical
reactor (under continuous pyrolysis conditions and in an inert nitrogen (N 2)
environment), the influence of blending plastics, and the effect of
downstream thermal cracking on the composition of the solid, liquid, and gas
products.
Boundaries
A project such as this can quickly become overly complicated due to the
numerous parameters that need to be constantly monitored. If left unchecked,
deadlines can easily be missed, this is especially pertinent due to the limited
timespan allocated to complete this project. As a result, the following
boundaries were set to minimize the risk of errors:






The composition of the plastic pellets will be kept pure.
The plastics are pre-pelletized so as to ensure uniform size.
The temperature range will be kept between 550 – 700 oC.
The nitrogen flow rate will be held at 0.5 L min-1.
The feeding rate will be kept the same at ~12 g min-1.

Char (or Biochar) is the solid carbonaceous remnants of the pyrolytic
process. It is a very sought-after product due to its increasing usage in many
industries from water purification, to agriculture, to cosmetics. Together with
char’s downstream application of soil amelioration, one of its growing
sectors is in the sequestering of carbon to combat climate change. It achieves
this through its ability to persist in the soil for up to a few hundred years thus
trapping carbon underground. Furthermore, due to surface functionality and
pore structure, it is able to retain nutrients and water in the soil, hence
reducing the need for further use of fertilizers. Char is commonly
characterized by its large surface area (>150 m2 g-1 [8] [9]), large pore size
distribution, and high carbon content. Depending on the initial feedstock
used, the properties and characteristics of char can vary greatly [10] [11] [12].
2.3.2 Oil
Oil (or Bio-Oil) is the liquid fraction of the products of pyrolysis and can
range from a very loose liquid to a tar-like wax. It is a mixture commonly
comprised of hundreds of compounds and multiple different functional
groups [13]. Table 1 [14] gives an overview of plastic pyrolysis oil
characteristics in comparison to diesel. Like biochar, bio-oil composition is
dependent on the type of initial feedstock used, with plastic pyrolysis oil
containing additional alkanes and alkenes, giving it its waxy character, and
an abundance of 1-ring aromatics. [15]. Furthermore, ash content and
viscosity can be fatally problematic characteristics of bio-oil. If the content
of ash is above 0.1 wt%, the oil can become corrosive, leading to problems
with its use in engines. Similarly, if the oil is too viscous, issues can arise
when trying to inject the fuel into combustion chambers.

2 |P a g e

Table 1: Mixed Plastic vs. Diesel Oil Comparison [14]

Properties

Plastic Oil

Diesel

734

820-850

Ash Content (wt.%)

1

0.04

Calorific Value (MJ/kg)

41

42

Kinematic Viscosity (Cst)

2.9

3.05

Cetane Number

49

55

Flash Point (°C)

46

50

Fire Point (°C)

51

56

Carbon Residue (Wt.%)

0.01

0.002

Sulphur Content (Wt.%)

<0.001

<0.035

Pour Point (°C)

-3

3-15

Cloud Point (°C)

-27

-

Aromatic Content (Wt.%)

32

11-15

Density (kg/m3)

Continuous pyrolysis is similarly influenced albeit excluding the heating rate
since the feedstock is instantaneously exposed to temperature. Table 2 below
gives a breakdown of the various reactions and their respective product
yields.
2.4.1 Continuous Pyrolysis
Continuous pyrolysis has become the standard in terms of bio-oil and syngas
production. Its name comes from the continuous introduction of the feed
through e.g., an auger, into the reactor as opposed to batches. This allows the
technology to be scalable. It is characterized by its higher temperatures of
550-750 oC, and shorter vapor retention time. Based on weight, this can lead
to a production of up to 60-75% of bio-oil with 15-25% biochar residuals
which need to be continuously removed through the process [19] [5].
Ethylene Production in the Petrochemical Industry
Ethylene is the most widely produced organic compound in the world with a
global consumption of over 150 million tons in 2016 [20]; a number that far
surpasses the production of all other organic compounds. A large portion of
this production goes towards polyethylene, which as mentioned in Types of
Plastics, is the most widely used form of plastic. A primary method in the
production of ethylene is steam cracking, where a mixture of hydrocarbons
such as naphtha, gasoil, or natural gas are mixed with high temperature steam
at temperatures between 700 – 900 oC to thermally crack the hydrocarbons
into monomers, other smaller hydrocarbons, and co-products [20] [21] [22].
The cracked vapors must then pass through a series of sequential
compression cycles and separation columns to remove the different fractions
of products. Once this process is complete, the gases are rapidly quenched to
prevent further thermal decomposition [23].

2.3.3 Synthesis Gas (Syngas)
Synthesis gas (or syngas) is the final product of the pyrolytic process. It is a
complex mixture of gases whose composition heavily depends on the initial
feedstock. Plastic pyrolysis vapors are primarily comprised of hydrocarbons
due to plastic’s petroleum base. Yields are highly dependant on the
temperatures in which the feedstock is being exposed throughout the
reaction. For example, under slow pyrolysis conditions, between 10-35%
syngas can be produced, whereas continuous pyrolysis at higher temperatures
and increased severities (>500 oC), can yield up to 90% [16].

2.5.1 Advancement of Millisecond Cracking
Established in the 1960’s by M. W. Kellogg’s R&D Center, the millisecond
process is a refined version of steam cracking to produce olefins from
polyolefins. This process has increased the production of olefin yields by 1020% through high severity, short residence time cracking. At a given
temperature and hydrocarbon partial pressure, the residence time can be as
low as 0.05 s at high temperatures between 850 – 950 oC (similar to flash
pyrolysis) [21].
Types of Pyrolytic Reactors
In addition to the numerous parameters that can be altered throughout a
pyrolytic process, the design of the reactor used plays a critical role in
determining the products that are retrieved after a reaction. The architecture
of reactors has gone through extensive iterative development over the past
40 years and a large diversity in types has formed. The two most popular
designs are listed below as sub-sections [16].

Figure 1: Gas Production from HDPE Pyrolysis with Respect to Bed
Temperature (oC) [17]

Al-Salem [17] performed a gas analysis on the vapors produced during
HDPE pyrolysis which is very relevant to this study. His work discovered
that there was a proportional relationship between the reaction temperature
and the production of various alkanes and alkenes (C2 – C4) illustrated in
Figure 1. Higher molecular weight gases (C5+) were found to decrease with
the increasing temperature; a result of the cleaving of long chain molecules
at these elevated temperatures. It was reported that alkene production could
be increased with the increasing vapor residence time in the reactor.

2.6.1 Fluidized Bed
A fluidized bed is an iterative design on the traditional fixed bed with the
differentiator being the introduction of an inert solid (commonly a form of
sand, i.e., silica sand) which demonstrates fluid-like properties when a
pressurized gas is pumped through it. The ensuing fluidization provides
better mixing and a more unform heat distribution throughout the reactor.
Fluidized beds commonly used in continuous pyrolysis due to their increased
contact area on the feedstock leading to a high heat transfer. In addition, their
control over the residence time of both solids and gases, and their high
velocity between fluid and solid phases favors the production of liquid and
gas phase yields [16] [24].

If the production of fuels or chemicals is not the priority, syngas can be
directly pumped back into the pyrolysis reactor to help maintain a stable
temperature throughout the duration of the reaction [18].
Types of Pyrolytic Reactions

2.6.2 Mechanically Fluidized Bed

Pyrolysis can be broadly broken down into two primary processes, batch
pyrolysis (both fast and slow) and continuous pyrolysis. Batch processes are
defined by three adjustable parameters that influence the product yields.
These are: 1) the heating rate; how fast the feedstock is brought up to
temperature, 2) the maximum temperature, and 3) the residence time of both
vapors and feed; how long the gases and solids remain in the reactor.

Instead of relying on the introduction of a pressurized gas to induce
fluidization in a solid medium, a mechanically fluidized bed relies on reactors
with motorized mixing paddles. This mixing continually agitates the
feedstock and/or fluidization medium eliciting fluid-like properties. This
technique is considerably less costly when compared to the expenditure of a
finite gas [25].

Table 2: Typical Pyrolytic Reaction Parameters [14] [15]

Pyrolysis Process

Solid Residence Time
(s)

Heating Rate
(K/s)

Particle Size
(mm)

Temp. (K)

Slow

450-550

0.1-9

5-50

Fast

0.5-10

10-200

Flash

<0.5

>1000

Product Yield (%)
Oil

Char

Gas

550-950

30

35

35

<1

850-1250

50

20

30

<0.2

1050-1300

75

12

13
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Use of Catalysts
To facilitate the pyrolytic breakdown of plastic wastes and increase
selectivity towards desirable products, catalysts such as zeolites can be used
to alter the decomposition mechanics. Zeolite catalysts are naturally
occurring porous hydrated aluminosilicate minerals [26], but they can also
be synthetically manufactured on an industrial scale. They function as a
‘framework’ due to their cage-like structure and can thus trap other
molecules. This high sorption capacity can trap certain compounds in
pyrolysis vapors, and therefore can assist in thermally cracking longer
polymers into different fractions; something that is useful in this project since
the end-goal is to break down the oil polymers useful short-chain polymers.
Miandad et al. [27] has reported drastic changes in the composition of the
product yield (>30% increase in gas fraction) when pyrolyzing PE with the
use of both synthetic and non-synthetic catalysts. Catalysts can also aid in
decreasing the reaction temperatures required to begin the decomposition
process which helps to decrease energy demand, thus making the technique
more feasible if sufficient access to catalysts is available [28].
Reaction Mechanisms
Plastic decomposition is a depolymerization process into lower molecular
products. This can be described through the following steps illustrated in
Figure 2 [29] [30]:
-

-

Initiation of depolymerization begins with scission in random, or
end-chain positions of the polymer. After the initial breakdown,
any of the following mechanisms can take place:
o
Depropagation, leading to the release of olefinic
monomers from primary radicals.
o
Hydrogen-chain transfer reactions leading to olefinic
or polymeric fragments being formed. In addition,
secondary radicals can be produced through hydrogen
abstraction through intermolecular transfers between
a primary radical and said polymeric fragments.
o
β-cleavages of secondary radicals which can lead to
an end-chain olefinic group forming in addition to
another primary radical.
Finally, the reaction is terminated either through the coupling of
two primary radicals or the disproportionation of the primary
macroradicals.

End-Chain Scission:
Exhibited by polymethylmethacrylate, polytetrafluorethylene,
polymethacrylonitrile, polyethylstyrene, polystyrene, and
polyisobutene.
This process leads to the polymers being broken up sequentially
from their end groups to successively yield their corresponding
monomers.
Chain-Stripping:
Exhibited by polyvinylchloride, polyvinyl fluoride, and
polyacrylonitryl.
Substituent groups are eliminated, leaving a remaining
unsaturated chain.
Cross-Linking:
Exhibited by thermosetting plastics.
Formation of chain woven networks which form high-strength
materials.
Characterization of Products
The rapid adoption and growing interest in pyrolysis stems from its ability to
valorize low value materials that would normally be wasted. This is
accomplished by upgrading materials into higher-value products that serve a
function in either the energy or chemical economy. To confirm whether the
upgrades have been successful, chemical analysis is used to characterize
different qualities of each sample whether it be char, oil, or gas.
For this study the following methods of analysis will be used for oil
characterization: Gas-Chromatography Mass-Spectroscopy (GC-MS), Karl
Fischer Titration, and Bomb Calorimetry. Micro Gas-Chromatography will
be used to characterize all gas samples. All techniques are elaborated upon
in the following subsections.
2.9.1 Gas-Chromatography Mass-Spectroscopy (GC-MS)
GC-MS is a method of analysis used for identifying chemical species in a
sample and then subsequently quantifying said compounds in the GC
component and MS component, respectively. The principle technique that
GC relies on is the dissociation of mixtures into their constituents during
heating; typically, around 300oC. These constituents then transfer into the
MS through an inert separation column where they interact with a stationary
phase material. The components react with the column in several ways, and
thus exit at different times, allowing for their identification based on retention
time and peak area. Once through the column, they are bombarded with a
stream of electrons causing them to break apart. The fragments are then
quantified based on their mass-to-charge ratio (M/Z) when passed through a
quadrupole [31] [32]. This test will be done on the oil to determine which
chemicals are present, and more importantly, to determine and whether they
can be potentially extracted for further upgrading, create a more directed
strategy to accelerate depolymerization, or for their applicability as fuels.
2.9.2 Micro Gas-Chromatography (Micro GC)
Micro GC functions similarly to a conventional gas chromatographer in that
its principle relies on the separation of analyte constituents during heating.
The difference instead lies with the scale of the GC machine. A Micro-GC,
as the name implies, is a smaller scale apparatus that performs the same task
as their larger counterparts. This miniaturization of the technology allows for
an increased speed of analysis. [33]
2.9.3 Karl Fischer Titration (KF Titration)
When the water content of a liquid sample must be determined, Karl Fischer
Titration can be used. The principle behind this analytical method is a
modification on the Bunsen Reaction where sulfur dioxide is oxidized with
iodine in an alcohol solution [34] [35]. The equation below illustrates the
reaction:

Figure 2: Depolymerization Reaction Mechanisms

Depending on the structure of the plastics, different mechanisms are more
prevalent. The following points elaborate on this [30]:

𝑅𝑂𝐻 + 𝑆𝑂3 + 𝑅′ 𝑁 → [𝑅′𝑁𝐻]𝑆𝑂2 𝑅 + 𝐻2 𝑂 + 𝐼2 + 2𝑅′𝑁
→ 2[𝑅′𝑁𝐻]𝐼 + [𝑅 ′ 𝑁𝐻]𝑆𝑂4 𝑅
Where: ‘R’ refers to a functional group.

Random-Chain Scission:
Exhibited primarily by polystyrene, polyisobutene, polyethylene,
polypropylene, and polybutadine.
These polymers are broken up randomly into smaller molecules
producing volatiles with and without double bonds.
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Figure 3: Phase 1 Single-Stage Reactor Schematic

The reaction is as follows: an alcohol is first reacted with the sulfur trioxide
(SO3) and an organic base to form an intermediate alkylsulfite salt, and water;
iodine is now added (displayed in red). The intermediate salt is then oxidized
by iodine to form an alkylsulfate salt and this reaction consumes water at a
1:1 ratio.
This implies that once the oxidation has been completed, the amount of
iodine consumed represents the amount of water present in the sample. The
remaining iodine can finally be detected voltametrically or amperometrically
by the titrator’s electrode indicating the end of the process [34].
2.9.4 Bomb Calorimetry
Bomb calorimetry is an analytical technique used to determine the heating
value of a chemical sample in joules per gram through a change in internal
energy (∆𝑈) during a spontaneous combustion reaction [36]. A sample of
either char or oil is sealed within a highly durable steel crucible known as a
‘bomb’, capable of withstanding the immense pressures involved. It is
pressurized with oxygen to ensure the complete combustion of the sample.
Due to the bomb’s rigidity, no pressure-volume work can take place. This
results in all excess energy being converted to heat and thus demonstrates the
change in internal energy (ΔU) expressed in the units of MJ kg-1. The
following equation describes this process:
𝑑𝑈𝑡𝑜𝑡 = 𝑑𝑈𝑠𝑦𝑠 + 𝑑𝑈𝑠𝑢𝑟𝑟 = 0

(1)

𝑑𝑈𝑠𝑦𝑠 = −𝑑𝑈𝑠𝑢𝑟𝑟

(2)

𝜕𝑈
𝜕𝑈
= − [( ) 𝑑𝑇 + ( ) 𝑑𝑉]
𝜕𝑇 𝑉
𝜕𝑉 𝑇

(3)

(4)

With 𝐶𝑉 being independent of T over small temperature intervals, the
expression is integrated to result in the governing formula:
∆𝑈 = −𝐶𝑉 ∆𝑇

(5)

Where: 𝐶𝑉 is the heat capacity of the bomb and water surrounding the sample.

3.

The LDPE has a density of 940 kg m-3 [38]; a melt flow index of 2.3 g/10
min [42]; a melting point of 105 oC [43]; a crystallinity of 55% [44]; and a
heating value of ~43 MJ kg-1.
Table 3 presents the results of an ultimate analysis of the virgin plastic
materials with their standard deviation. Oxygen has been calculated by
difference. Blends of the two virgin materials were also created at a ratio of
0.5:1.5, 1:1, and 1.5:0.5 HDPE and LDPE respectively. These blends were
created since it is understood that plastic waste is never a pure product but
instead a mixture of various different types of plastics. By creating blends,
an initial investigation can be conducted on the effects of varying ratios on
the product compositions. 300 g of plastic was used for each experiment.
Table 3: CHNS(O) Analysis Results for virgin HDPE and LDPE (st.dev n=3)

Sample

Hydrogen
(%)

HDPE

1.53 ± 0.24

LDPE

0.03 ± 0.02

Carbon
(%)
83.58 ±
0.77
83.52 ±
0.28

Nitrogen
(%)
9.08 ± 0.03
12.96 ± 0.02

Sulfur
(%)
0.38 ±
0.12
0.40 ±
0.03

Oxygen
(%)
1.58 ± 1.13
3.08 ± 0.32

Vertical Mechanically Fluidized Continuous Reactor

The process is at constant volume meaning that 𝑑𝑉 = 0. As such it can be
neglected. Recognizing the definition of heat capacity, 𝐶𝑉 , the equation can
simplify to:
𝑑𝑈𝑠𝑦𝑠 = −𝐶𝑉 𝑑𝑇

g/10 min [39]; a melting point of 130.8 °C [40]; a crystallinity of 60% [40];
and a heating value of ~45 MJ kg-1. Other details such as micro-kinetics,
thermal stability, and more extensive properties of the material can be found
elsewhere [41].

Materials & Methods

Materials
Extrusion-grade virgin HDPE and LDPE were supplied by Nova Chemical
Corp, (Calgary, Canada) and were used as received in pellet form (5 mm).
The HDPE has a density of 970 kg m-3 [37] [38]; a melt flow index of 8.0

The vertical MFR used at ICFAR is a small-scale reactor with a volumetric
capacity of 1.4L, meaning it can be used for very controlled reactions catered
to the optimization of product recovery. Although it is a smaller unit, it is
comprised of many components such as an adjustable fractional
condensation system, a char collection pod, a hopper with a 1.27 cm OD
feeding auger and motor (feed rate = ~0.705 kg h-1), a mixing motor, and a
separate heat tracer (kept at ~200 oC) to prevent vapor condensation between
the reactor and the first condenser. All of these components need to be
properly cared for and cleaned before each run for the reaction to take place
smoothly. Figure 3 illustrates the schematic of the reactor pre-modification.
Figure 4 illustrates the reactor post-modification with the addition of the
furnace. For images of the reactor see Appendix 2: Images of Equipment &
Products. Pyrolysis was conducted in the 550-700 oC range in 50 oC
increments.
To emulate the use of an extruder, a heat trace has been wrapped around a
section of the feeding auger directly before the plastic is introduced into the
reactor. This heat trace keeps the feeding tube at ~200 oC, thus preheating the
plastic and causing it to partially melt. By increasing the temperature prior to
the reactor, less energy is removed from the system when the plastic is fed
into it. The vessel of the reactor is cylindrical in shape and composed of SS

5 |P a g e

Figure 4: Phase 2 Double-Stage Reactor Schematic

316 stainless steel (Dout = 12 cm; Din = 11 cm; Htotal = 24 cm; Hint = 22 cm)
with a detachable top flange to which the output port, the mixing paddle, as
well as the pressure release valve are connected. A single thermocouple has
been inserted through the bottom of the reactor’s hull which reads the air
temperature ~2 mm above the inner bottom surface. The reactor is heated
through a 12-kW induction system (Superior Induction Company, California,
US) where a copper coil that has been wrapped around the reactor vessel
induces a magnetic field on the ferromagnetic vessel. This then induces
current flow (eddy currents) which cause the material to be heated by the
Joule effect [45]. It is expected that due to the nature of induction heating, a
thermal lag (ΔT) of up to 50 oC can exist when nearing the operational
temperatures. To combat this, the reactor is brought to temperature and held
there for 10 minutes to allow for more uniform heat distribution. The hopper
in which the plastic pellets are added prior to each experiment has an inlet
for nitrogen gas (0.5-1 L min-1 N2) to be fed into the system throughout the
experiments to induce an inert atmosphere and to influence the residence time
of the pyrolysis vapors. Due to the composition of plastics during pyrolysis,
large amounts of vapor are produced which need sufficient surface area to
condense. To accommodate this, a dual condenser system has been built to
provide adequate fractionation. A heating system has been built into the first
condenser’s oil bath to allow for the control of the fractions; by keeping the
first condenser warm, any waxes are trapped and prevented from clogging up
the system. The second condenser is kept iced to ensure that all remaining
vapors are trapped.

When solved for the given values the following energy losses can be deduced
at the varying temperatures assuming no insulation:
𝑄550 = 10180.44 𝑊
𝑄600 = 11140.86 𝑊
𝑄650 = 12101.28 𝑊
𝑄700 = 13061.69 𝑊
When incorporating insulation, the equation is modified consider the thermal
resistance of the fiberglass layers (2x~1 cm; kfib = 0.04 Wm-1K-1 [49]) that
are surrounding the hull; this is represented as follows:
𝑄=

𝑄550 = 203.25 𝑊 [1.69% Loss]
𝑄600 = 222.42 𝑊 [1.85% Loss]
𝑄650 = 241.60 𝑊 [2.01% Loss]

In the second stage of the study, a downstream furnace was integrated into
the vapor stream to allow for further cracking and secondary reactions of the
plastic vapors produced. The furnace used (Lindberg Blue M; Asheville, NC,
USA) was a 5.4 kW, 23 A system operated at between 50/60 Hz with a
maximum temperature of 1200 oC. It had a length of 101 cm, a width of 40
cm, and a height of 40 cm. The heating zone’s OD was 7.6 cm, and its length
was 100 cm. During experiments it was kept at 800 oC for the duration of the
runs.

𝑄700 = 260.77 𝑊 [2.17% Loss]
The energy loss prevented by the fiberglass is extremely substantial and
cannot be overseen when conducting experiments as the induction system
simply would not be able to supply enough energy to maintain the
experimental temperatures as the plastics would be fed into the reactor. For
further energy calculations and modeling, refer to Appendix 4: Further
Energy Flux Calculation.
Reaction Kinetics

3.2.2 Energy Flux Calculation of Reactor
For the sake of accuracy and to further understand the thermal kinetics of the
reactions taking place, a rough energy flux calculation has been made to
determine the heat loss, and thus the efficiency of the reactor at operational
temperatures.
Based on the dimensions and properties of the reactor’s hull (rout = 6 cm; rin
= 5.5 cm; Htotal = 24 cm; khull = 16 Wm-1K-1 [46]), the reactor temperature
(Treact = 550 oC, 600 oC, 650 oC, 700 oC), ambient air temperature (T amb = ~20
oC), and the heat transfer coefficient for natural convection (h = 12.12 –
c
1.16(v) +11.6(v)1/2 Wm-2K [47]; v = relative airspeed, assumed 0.15 ms-1
[48]), the following equation can be derived:
2𝜋𝐻(𝑇𝑟𝑒𝑎𝑐𝑡 − 𝑇𝑎𝑚𝑏 )
𝑟
ln ( 𝑜𝑢𝑡 )
𝑟𝑖𝑛
1
+
𝑘ℎ𝑢𝑙𝑙
ℎ𝑐

(7)

Where rfib is the outer radius of the fiberglass insulation surrounding the
reactor. Solving for the given temperatures gives us the following losses
compared to the energy input of 12000 W, adjusted for the insulation:

3.2.1 Reactor Post-Modification

𝑄=

2𝜋𝐻(𝑇𝑟𝑒𝑎𝑐𝑡 − 𝑇𝑎𝑚𝑏 )
𝑟𝑓𝑖𝑏
𝑟
ln ( 𝑜𝑢𝑡 ) ln (
)
𝑟𝑖𝑛
𝑟𝑜𝑢𝑡
1
+
+
𝑘ℎ𝑢𝑙𝑙
𝑘𝑓𝑖𝑏
ℎ𝑐

(6)

Non-catalytic thermal degradation of plastics is a very complex reaction in
which there are multiple factors affecting the process including the type of
plastic used, the reactor, the temperatures, the pressures, etc. Very broadly,
the reaction kinetics can be described using the Arrhenius equation [50] [51]
[52]:
−

𝑑𝑚
= 𝑘𝑚 𝑛
𝑑𝑡

(8)

Where:
m = Mass ratio of unvolatized sample to initial material
t = Time
k = Reaction kinetic constant
n = Reaction order
The reaction kinetic constant can be described as follows:
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𝐸𝑎

𝑘 = 𝐴0𝑒 −𝑅𝑇

components from each sample are detected typically in 3.0 min and
automatically integrated using the Galaxie software. Due to the high
utilization frequency of the Micro-GC, it is conditioned every week. The
conditioning time is extended overnight to remove any water present inside
the column as a result of the gas samples or the carrier gas. The conditioning
is conducted by increasing the oven temperature of the columns to maximum
column oven temperature. Each gas sample is analyzed a minimum of three
times, and the average is calculated to estimate the gas concentration. Before
entering the Micro-GC, the carrier gas is passed through an external gas clean
moisture and oxygen filter to remove the suspended moisture and oxygen
associated with the carrier gas. The removal of moisture and oxygen from the
carrier gas increases the column's efficiency, which can help to maintain the
desired separation distances between the chromatogram peaks. Results were
compared against a database of known compounds and the compounds
present were identified.

(9)

Where:
𝐴0 = pre-exponential constant (min-1)
𝐸𝑎 = Activation Energy (kJ mol-1)
R = Gas constant (J K-1 mol-1)
T = Temperature (K)
The equations can then be combined to give us the governing formula [51]
[53]:
𝑑𝑎
𝐸𝑎
(10)
− 𝐴0 exp (− ) (1 − 𝑎)𝑛
𝑑𝑡
𝑅𝑇
Where:
a = Conversion ratio (1-m)
The reaction order and kinetic parameters can be derived from
experimentation. Although out of the scope of this project, values have been
determined in other studies [51] [54] [55]. Marongiu et al. [56] and Pakdel et
al. [57] applied the model for both HDPE and LDPE and discovered the
values for Ea, n, and A0 presented in Table 4. It should be noted that after
LDPE’s initial reaction, it can be further cracked into lower molecular weight
hydrocarbons represented by 𝑎2 [58]. When examining Table 4, it can be
observed that activation energy increases with subsequent cracking
indicating that products with higher proportions of smaller hydrocarbons
require a higher activation energy [56] [57]. This is very relevant as it can
explain the differences in composition of the final products.

3.4.3 Karl Fischer Titration (KF Titration)
To determine moisture content a small amount of each sample was taken into
a hypodermic needle. The needle was then weighed, and a single drop was
added to a Karl Fischer Titrator (Mettler Toledo Model V20); the needle was
then re-weighed and the difference, which indicates the quantity, was input
to the device. After 90 seconds, the moisture content was determined and
displayed.
3.4.4 Bomb Calorimetry
A bomb calorimeter (C200, IKA, Germany) was used to measure of higher
heating values using 2 replicates per sample. The calibration process before
measuring was carried out in the sample vessel using pelletized benzoic acid
(IKA C 723, IKA, Germany). Each sample is between 0.3-0.4 mg and is
contained in the oxygen-filled bomb.

Analysis & Characterization
3.4.1 Gas-Chromatography Mass-Spectroscopy (GC-MS)
Each sample (100 mg) was dissolved in 2-propanol (4 ml) to obtain the
concentration of 25 mg/ml; 2-propanol was used to extract the chemical
compounds from the samples. Then the samples were placed in a water bath
over a hot plate to help dissolve the solid waxes. The samples were then
shaken and filtered through a 0.2-micrometer filter two to three times to
remove particulates. Finally, the samples were allowed to settle for 2 hours
in the fridge, after which a syringe was used to separate the clear solution
from any sediments. The GC–MS system consists of a gas chromatograph
coupled to a quadrupole mass spectrometer (GC–MS QP 2010, Shimadzu)
using a capillary column (DB5MS, 30 m × 0.25 mm i.d.; film thickness: 0.25
μm). Electron ionization (EI) was used with an ion source temperature of 200
°C and an interface temperature of 250 °C. In EI, the instrument was used in
SCAN mode initially to confirm the identity of the compounds. The GC
system was equipped with a split/splitless inlet. The injector temperature was
200 °C. An AOC-20S autosampler with a 10 μL syringe was used for
injections of 1 μL at a rate of 10 μL s−1. The carrier gas was helium (UHP) at
a constant flow of 1.5 mL min−1. The oven temperature program had an initial
temperature of 40 °C held for 10.0 min, rising by 10 °C/min to 200 °C held
for 10.0 min and rising by 10 °C/min to 300°C, which was held for 30 min,
with a total run time of 75.0 min. This temperature program was selected to
provide adequate separation of most of the compounds of interest.

4.

Results & Discussion

Comparison of Yields
4.1.1 Yields of Single-Stage Experiments
Figure 5 illustrates the yields of condensable vapors and non-condensable
gases (flue gases) of HDPE and LDPE pyrolysis at the predetermined
experimental temperatures. Solids in the form of char have been excluded
because their production was negligible (<1%). All experimental conditions
can be seen in Appendix 1: Supplementary Information.
The main products obtained throughout this work were a solid wax for the
majority of the experiments, and a low viscosity oil. The wax was yellowish
in color, while the oil was a deep brown. It should also be noted that, in all
except two cases, the condensable fraction of products was not liquid upon
retrieval except for those at 700 oC. The rest were waxes as mentioned, which
when heated to ~60 oC, would promptly liquify into a similarly dark brown
colored oil (see Appendix 2: Images of Equipment & Products). Both
products are considered part of the total yield of tars, which are grouped to
represent the total liquid phase. A maximum wax yield of 65.6% was
obtained at 550 oC, which is considerably higher than what has been reported
in similar continuous pyrolysis experiments of plastic using the reactor type
described prior. This indicates that the techniques being used in this work are
more lucrative for liquid production in a direct manner using a continuous
pyrolysis regime. The high wax yield can be attributed to three aspects of the
reactor design: the heating system, the staged condensers, and the control of
residence time. Induction heating allowed for uniform heat distribution
throughout the reactor vessel and as such, when the plastics were introduced,
they more uniformly released any volatiles leading to higher condensate
production. Similarly, the condensation system assisted in the higher liquid
yields through temperature-controlled fractionation. Finally, the decreased
residence time used throughout this study resulting from the introduction of
nitrogen (~1 L min-1 N2) prevented vapor over-cracking hence allowing for
longer-chain waxy products to form more readily.

3.4.2 Micro Gas Chromatography (Micro GC)
To analyze the composition of non-condensables produced during an
experiment gas samples were collected approximately five minutes into each
reaction through the addition of a detachable gas-sample bag (1 L, Hedetech).
These samples were taken at the end of the condensation train past the cotton
filter; this prevented any contaminants from being captured in the bag and
damaging the equipment. A Varian mobile Micro-GC (CP-4900) equipped
with M5Å (Molecular Sieve 5 Å, 10 m), PPU (PolarPlot U, 10 m), and 5 CB
(CP-Sil 5 CB, 8 meter) column module is used to analyze the H 2, CH4, CO,
CO2, C2H4, C2H6, H2S, SO2, C3H6, C3H8, C4H10, C5H12, and C6H14
concentrations. Helium and Argon (99.999%) are used as carrier gases for
the thermal conductivity detector (TCD) at a pressure of 80 psi. The gas
Table 4: Reaction Kinetic Parameters of HDPE and LDPE [57]

Kinetic Model

Differential Equations

Ea (kJ mol-1)

n

A (min-1)

Yield Coefficient

𝒌𝟏

𝐸𝑎 1
𝑑[𝐻𝐷𝑃𝐸]
= −𝐴1 𝑒 − 𝑅𝑇 [𝐻𝐷𝑃𝐸]𝑛1
𝑑𝑡
𝐸𝑎 1
𝑑[𝐿𝐷𝑃𝐸1 ]
= −𝐴1 𝑒 − 𝑅𝑇 [𝐿𝐷𝑃𝐸1 ]𝑛1
𝑑𝑡
𝐸𝑎 2
𝑑[𝐿𝐷𝑃𝐸2]
= −𝐴2 𝑒 − 𝑅𝑇 [𝐿𝐷𝑃𝐸2 ]𝑛2
𝑑𝑡

250

0.65

1.71 × 1017

-

Ea1 = 120

1.40

A1 = 1.34 × 109

𝑎1 = 0.10

Ea2 = 220

0.60

A2 = 1.47 × 1015

𝑎2 = 0.90

𝑯𝑫𝑷𝑬 → 𝑽 + 𝑹
𝒌𝟏

𝒂𝟏 𝑳𝑫𝑷𝑬𝟏 → 𝑽𝟏 + 𝑹𝟏
𝒌𝟐

𝒂𝟐 𝑳𝑫𝑷𝑬𝟐 → 𝑽𝟐 + 𝑹𝟐
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Product Yields

Product Yields at 550°C - Pure Product vs. Blends
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LDPE Condensables (%)
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Figure 5: Product Yields of HDPE & LDPE Pyrolysis at Various Temperatures

The experiments with HDPE (illustrated in red and purple) show a gradual
negative correlation between the condensable vapors compared to the concondensable gases. The gas production steadily increases with elevated
temperatures from a minimum of 34.4% to a maximum of 89.0%; an increase
of more than double. In parallel, the yield of condensable waxes and oils
decreased from 65.6% to a minimum of 11% during the same temperature
intervals. Elordi et al. [59] reported that when HDPE was fed continuously
into their conical pyrolysis reactor at a temperature of 500 oC, waxes
comprised the largest fraction at almost 70 wt%. When added to the diesel
fraction produced at the same temperature, the joint yield accounted for over
90 wt%. When increasing to 550 oC, it was noted that the wax content
decreased while diesel peaked at 30 wt%. These variations compared to this
research could be attributed to multiple factors such as the design of the
reactor, feed rate of plastic, residence time, condensation system, etc.
Interestingly, the negative correlation between the condensables and the noncondensables in the LDPE experiments (illustrated in blue and orange) are
much more severe over the same temperatures. The initial distribution of
condensable vapors and non-condensable gases are similar to that of HDPE
with yield percentages of 65.1% and 34.9% respectively. The differences
appear once the temperature is ramped up. There is a far more abrupt
decrease in condensables down to 22.8%, coupled with an equally sharp
increase in non-condensable gas production to 77.2%. This distribution
remains very similar throughout the rest of the temperature range as
illustrated in Figure 5 implying that LDPE’s thermal kinetics remain
relatively constant after a threshold temperature.
The difference between the product compositions could be attributed to the
differing physical properties and chemical structures of the two plastics.
HDPE has a higher density and melting point when compared to LDPE. This
leads to greater resistance to vaporization at elevated temperatures past
550oC. Furthermore, the nature of the polyethylene (PE) structure in the two
plastic varieties can influence their thermolysis [60]. HDPE is a linear
straight-chained polymer which contributes to its rigidity whereas LDPE is
branch-chained and hence, more malleable at elevated temperatures due to
weaker intermolecular forces [61]. LDPE’s lower density is directly
attributed to this branching as a consequence of reduced packing efficiency
[62].
In addition, when drawing attention to Table 3, LDPE has a greater
concentration of oxygen (O2) and nitrogen (N2) compared to HDPE. The
higher level of non-condensable gases could be attributed to this increased
O2 concentration as oxygen leads to the formation of volatiles which escape
during the vaporization process. Similarly, N 2 can react with said oxygen to
form NO x which also escapes throughout the reaction. Another interesting
observation from the pyrolysis of both types of plastic is that the production
of char has been negligible and has accounted for practically zero percent of
the output yields. This lack of a solid product concurs with similar studies
[59] [63] [64] in which the yield of char is too negligible to include in a mass
balance. It should be noted that char can and has been be produced in
experiments only during a batch regime due to the nature of temperatureramped pyrolysis leading to a far gentler introduction to the experimental
temperatures.
As illustrated in Figure 6, when temperature was kept constant, blends of
HDPE and LDPE in all ratios tested demonstrate a higher condensable yield
when compared to their pure plastic counterparts. Although not understood,
this indicates a synergistic effect between the two classes of plastics which
could be attributed to their molecular structures interacting when exposed to

HDPE

LDPE

H:L 50:50

Condensables (%)
Figure 6: Product Yields of Pure Plastics vs. Blends

H:L 75:25

H:L 25:75

Non-Cond. Gas (%)

Single- vs. Double-Stage Pyrolysis of HDPE & LDPE
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Figure 7: Product Yields of Single vs. Double-Stage Pyrolysis

severe temperatures. Free radical production during the degradation of both
plastics could cooperate and produce higher levels of volatile gases which
are unable to condense at the condenser temperatures used in this work.
Perhaps the different physical characteristics can similarly have influenced
the yields. Due to LDPE’s lower reaction temperature, its degradation begins
fractionally quicker than HDPE’s. This could lead to vapor production which
then allows for better heat distribution over the still unreacted HDPE, hence
leading to a more uniform release of volatiles, and subsequently a larger
percentage of condensables forming. Further analysis on this behavior is
highly recommended to better understand the kinetics.
4.1.2 Yields of Double-Stage Pyrolysis
Figure 7 illustrates the yields of single-stage pyrolysis of HDPE and LDPE
at 550 oC compared to experiments at the same temperature after the addition
of the downstream furnace kept at 800 oC. Once again, char has been
excluded due to its negligible production estimated at <1%.
The main product of this modified process was a loose, dark brown
transparent oil with a potent odor similar to that of petroleum (see Appendix
2: Images of Equipment & Products). From Figure 7 an obvious observation
can be made in that the secondary treatment of the plastic vapors has led to a
significant increase in gas production thus reducing overall condensable
yields. This is to be expected due to the nature of higher temperature
exposure leading to the vapors being cracked into shorter chain hydrocarbons
ranging from C1 – C6. In addition, it can be seen that the secondary treatment
of LDPE has led to a far larger increase in gas production when compared to
HDPE in the same conditions. This can be explained due to LDPE’s lower
density and weaker aversion to thermal breakdown when exposed to the
elevated temperatures experienced throughout this experiment. This is
especially true when the plastic vapors pass through the downstream furnace
which more easily cracks the vapors into shorter-length hydrocarbon chains.
The opposite can be said for HDPE with its more rigid structure and higher
melting point which, while also exhibiting an increase in gas products, did
not have as extreme a shift. It is predicted that if the dual condenser system
used was altered to a single ultra-cold (>-5 oC) condenser, that the yield of
condensables would increase. Due to the vapors exiting the furnace being at
a substantially higher temperature, the condensers may not have been
appropriately calibrated to maximize liquid product collection. This would
require further analysis with a range of condenser temperatures or an
increased number of condensers.
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HDPE GC-MS: Effect of Temp. on Product Fractions
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Figure 8: HDPE GC-MS Results
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LDPE GC-MS: Effect of Temp. on Product Fractions
100.0
90.0

70.0

80.0

60.0

70.0

50.0

60.0

% Area

% Area

Aromatic
Expon. (Aromatic)

Figure 9: HDPE Nature of Product Bonds
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Figure 10: LDPE GC-MS Results
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Figure 11: LDPE Nature of Product Bonds

PE GC-MS: Effect of Pure PE vs. Blends on Product
Fractions at 550 °C

PE Blends Nature of Product Bonds at 550 °C
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Figure 12: PE Blends GC-MS Results

Gas-Chromatography Mass-Spectroscopy (GC-MS) Results
GC-MS characterization allows for the detection of the chemical species that
a sample of oil is comprised of. For this reason, it is a crucial tool in
understanding how reaction conditions can lead to differing compositions of
compounds in a given sample. To allow for, and to ensure an accurate
comparison between the results gathered from the GC-MS analysis, the top
15 compounds present in all samples were categorised to create the figures
seen above. The compounds have been grouped together in a gasoline
fraction (C6-C11), a diesel fraction (C12-C18), and a higher molecular weight
fraction (C19+). It should be noted that above the C11 range, the compounds
are considered to be part of the wax fraction explained by the definition of a
high molecular weight alkene [65]. These ranges were selected based on their
presence in all samples at high percent areas per sample.
Figure 8 - Figure 11 illustrate the effect of temperature and staged pyrolysis
on the fractions of liquid products ranging from C6 to C19+ from experiments
with HDPE and LDPE, as well as the nature of their bonds. The final
experiments labeled 500:800 oC represent the double-stage pyrolysis tests.
Figure 12 and Figure 13 illustrate the effects of PE blends at a fixed
temperature of 550 oC on the composition and bond types of the products
respectively.
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Aromatic
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Figure 13: PE Blends Nature of Product Bonds

4.2.1 Phase 1 – Single-Stage Products
When examining the results from the HDPE samples it can be noted that
temperature seems to have an influence on the distribution of the chemical
fractions, especially the elevated temperature 700oC experiments. The
primary hydrocarbon range identified belongs to the heavier diesel fraction
of compounds (C12-C18). Observing the trendlines for each fraction in Figure
8 clearly illustrate the increase and decrease of lighter and heavier molecular
weight (LMW, HMW) compounds respectively in relation to temperature.
This could be explained by HDPE’s aversion to thermal decomposition
coupled with the lower residence time induced through the introduction of
nitrogen throughout the reaction. The lower residence time prevents
hydrocarbon vapors from cracking fully leading to the formation of heavier
compounds as seen. This indicates that this particular reactor setup favors the
production of fuels regardless of the fact that it does not rely on the assistance
of catalysts, and instead functions purely through thermolysis. These results
conform with past analytical reports on similar studies [66] [63] [59].
Looking at the breakdown of HDPE component bonds at the experimental
temperatures presented in Figure 9, it can be seen that although olefinic
compounds dominated the product range, aromatic compounds begin to
increase in percent area as the temperature increases. HDPE is known to be
comprised of long-chain linear monomer chains with low branching. It is also
well understood that the thermal pyrolysis of HDPE causes the degradation
of the hydrocarbon backbone leading to the formation of free radicals [67]
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[52] which is directly correlated to the increased formation of aromatics; this
is clearly illustrated in Figure 9. This can be attributed to secondary processes
via Diels-Alder-type reactions at elevated temperatures which involve
alkanes and alkenes combining to form single or poly-aromatic structures
(illustrated in Figure 14 [68]) [52]. This process has been documented
numerous times in other studies [52] [69] [70]. The main aromatic
components present in all samples were toluene and benzene. Another
interesting aspect of the results is that when looking at HDPE’s product
bonds, with the exception of the experiment conducted at 650 oC, the first
fractions (heated; 50 oC) contain more olefinic compounds than the second
(iced; ~5 oC). This can be explained due to the nature of temperature-based
fractional condensation. The first stage captured heavier compounds due to
its elevated temperature, this meant that lighter compounds which require a
lower temperature to condense could then be separated and collected in the
second condenser. These results conform with other studies [71] [72].

Figure 14: Example of Diels-Alder Reaction during Tire Pyrolysis [68]

In continuation, examining the product fractions from the tests with LDPE in
Figure 10, similar yet more extreme trends can be observed when compared
to HDPE. Temperature seems to have an even more significant impact on the
creation of LMW compounds which can be credited to the aforementioned
branching nature of LDPE, leading to its higher thermal degradability
beginning at lower temperatures. Dubdub et al. [73] reported that LDPE
begins to degrade at roughly 600 K whereas HDPE begins at roughly 630 K.
In addition, LDPE’s thermal instability has also played role in the formation
of aromatic compounds throughout the entire temperature range as illustrated
in Figure 11. The degradation kinetics for LDPE seem to be less understood
than those for HDPE and so a definitive reason for this difference cannot be
given without further research, although speculation can be made. Possibly
due to the relative similarity between PE variations, free radical production
similarly causes the formation of aromatics through Diels-Alder-type
reactions albeit starting at a lower temperature. Overall, olefinic compounds
still dominate the product range comprising over 70% of the total regardless
of temperature or condenser state. Another noticeable trend is the difference
in composition between condensers at each temperature set point; the second
condenser consistently demonstrated a higher olefin yield when compared to
the first condenser. Once again, this can similarly be explained through the
use of a fractional condenser system as with HDPE.
From Figure 12, the effects of blends on the product fractions can be seen. It
is clear that varying ratios of HDPE and LDPE has little effect on the
composition of the hydrocarbon range. This was expected as the there was
little variation between the pure products at this temperature range giving
little reason to expect any variations in the blends. Similarly, when examining
the product bonds of the blends in Figure 13, there are no meaningful
differences between the pure products and the blends. Olefinic content still
dominates the bond type with paraffinic content remaining fairly stable and
little to no aromatic content at this temperature range.
4.2.2 Phase 2 – Double-Stage Products
When examining the effects of the downstream furnace on the product
fractions of HDPE in Figure 8, a few notable observations can be made. To
begin with, it can be seen that the results fit nicely with the existing trends

exhibited by the previous temperature increments which is to be expected.
As temperature severity increases, HMW compounds in the form of C19+
decrease as they are cracked further into lighter compounds thus increasing
the gasoline fraction as demonstrated in Figure 8. This further indicates a
positive correlation between lower weight hydrocarbons and temperature
which is favorable when the end goal is smaller polymers which would be
amendable to further cracking, processing into fuels, or repolymerized into
new plastics. Looking at the nature of the bonds of the double-stage
pyrolysis, a similar trend can be noticed. As the severity of each reaction
increases, the aromatic content begins to increase in conjunction due to the
aforementioned Diels-Alder reactions. It is very clear that secondary and
tertiary reactions have taken place due to the absence of paraffinic
compounds which have been cracked into the necessary alkanes and alkenes
to form mono or polycyclic aromatics [53]. Once again, benzene and toluene
dominated the aromatic range and accounted for over 95% of the detected
compounds in this category. The trendlines indicate an overall steady
decrease in olefinic components although there is a noticeable increase
compared to the previous severity level at 700 oC indicating that there
potentially exists a threshold above which the paraffinic compounds are
broken down to yield a higher content of shorter-chain olefins as well as
aromatics.
Looking at the results from double-stage pyrolysis of LDPE in Figure 10, a
similar trend as seen in HDPE’s results can be observed. The values fit in
with the existing trend indicating once again a correlation between lower
weight compounds and temperature, except in this instance, the progression
is more prominent. There has been a complete elimination of heavier
compounds above C18, and the diesel fraction has also decreased substantially
leading to a sharper increase in the gasoline range of compounds compared
to HDPE. This can be explained due to the weaker bond dissociation energies
for the carbon-carbon bonds of tertiary carbons, which exist at the branched
knots of LDPE [53] [74]. Thus, more extensive cracking can occur at lower
temperatures sooner, resulting in lighter weight, shorter hydrocarbons.
HDPE on the other hand, has a more rigid structure due to its limited
branching and as such the increase in LMW compounds is not as substantial
as LDPE’s. In continuation, when looking at the nature of product bonds in
Figure 11, an interesting observation can be made. The total relative area of
aromatics has increased from the previous highest average of 15.4 at 650 oC,
to 56.6% in the double-stage experiments; this was coupled with a
considerable drop in olefinic compounds. While not described in literature,
it can be hypothesized that the cause of this increase is, once again, the
prevalence of Diels-Alder reactions; and when linking back to Figure 10, this
result is understandable due to the increase in alkanes and alkenes (the
olefinic content) which allow for these reactions to take place.
Micro Gas-Chromatography (Micro GC) Results
Micro-GC analyses were performed on gas samples from four experiments.
The results are presented on a nitrogen (N2) and oxygen (O2) free basis due
to the manual introduction of N2 which would skew the results, and to
eliminate any residual O2 that was not removed from the sampling bags
during vacuuming:
Single-Stage Pyrolysis

HDPE 550 oC

LDPE 550 oC
Double Stage Pyrolysis

HDPE 550 - 800 oC

LDPE 550 - 800 oC
The results are illustrated in Figure 15. From this graphic, the effect of the
downstream secondary furnace can be prominently seen. With respect to
HDPE, prior to the secondary treatment, a broad spectrum of compounds had
been detected with the largest percent area belonging to methane (CH 4)
followed by ethylene (C2H4). In addition, due to the relatively tame
temperature of 550 oC involved with this pyrolysis, HMW compounds are
also present to an extent. Once the experiment was repeated with the addition
of the furnace, the results can be seen to change considerably. The first
observation that can be made is the drastic increase in methane (CH 4)
production which jumps from 41% to 51% which is coupled with an equal
decrease in all subsequent heavier compounds ranging from C 2+. Hydrogen
(H2) also noticeably increases after the introduction of the secondary furnace
from 8.5% to 14.0%. When looking at the gas composition of LDPE prior to
modification, once again, methane and ethylene comprise the largest area
percent of the products. In this case though, ethylene production is far higher
than in HDPE at 30% instead of 23%. This could be explained by LDPE’s
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Gas Composition of Single- vs. Double-Stage Pyrolysis of Plastics on an N2 & O2 Free Basis
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Figure 15: Micro GC Results of Single vs. Double-Stage Pyrolysis

physical and chemical structure. Due to its lower degradation temperature,
LDPE can crack further than HDPE at similar temperatures leading to the
higher production of ethylene. In addition, when observing the effect of the
downstream furnace on LDPE a few notable conclusions can be drawn. To
begin with, there was a similar increase in methane production due to the
further thermal cracking of the heavier weight compounds which is to be
expected with this process. Additionally, there was a sharp increase in
hydrogen production; something which isn’t equally seen during HDPE
experiments. This presence of hydrogen conflicts with other studies on LDPE
and HDPE pyrolysis [53] [75]. Both Gao [53] and Yan et al. [75] reported
negligible percentages of hydrogen production in their analyses.
Furthermore, bringing attention back to Figure 15, LDPE has a fraction of
the amount of hydrogen compared to HDPE which is inconsistent with the
results presented as HDPE would be expected to demonstrate a far higher
increase in percent area of hydrogen in the secondary reaction. These
discrepancies could point towards experimental or analytical error although
neither can prove this due to a crucial difference, namely, that both studies
mentioned used a fixed-bed batch form of pyrolysis at different temperatures,
whereas this study relied on continuous pyrolysis in an agitated reactor which
can drastically influence the product composition. Unfortunately, there has
been almost no literature on the process of continuous pyrolysis of HDPE or
LDPE using a similar reactor setup or with similar experimental parameters
indicating the novelty of this research.
These results indicate two points of interest; the first being that thermal
cracking has been achieved with the addition of this furnace, and second, that
the extent of this cracking has far surpassed expectation. Methane is an endstate hydrocarbon which suggests that the vapors have been over-cracked
passed their monomer state (ethylene; C2H4). This can be explained due to a
combination of two factors, namely the temperature of the furnace, and the
residence time in which the vapors are exposed to this temperature. From the
experiments conducted, it can be clearly noted that to achieve a monomer
state in the form of ethylene, either the temperature of the furnace would need
to be decreased, or the residence time would need to be increased to prevent
this over-cracking. There has been little to no literature on this topic of
secondary cracking to the monomer state and so no comparisons or
verifications can be made although there is a plethora of avenues for further
research in this sector (discussed further in Recommendations for Future
Research).
Karl Fischer Titration Results
It is understood that water contamination is one of the key issues faced by
diesel-fueled equipment due to the nature of the fuel’s lesser refinement
compared to gasoline. This water can be present in two forms, as free water
or water in solution. For this test, water in solution (or dissolved water) is
being analyzed. This is because dissolved water can cause fuel injector tips
to explode, filters to plug, engine corrosion, and of course, a loss of power
due to a decreased fuel density; all of which are to be avoided [76] [77].
4.4.1 Phase 1 - Single-Stage Products
Overall, the wax and oil samples were determined to have a negligibly small
water content under 1% and hence were very viscous if not solid. This is a
very favorable quality when these products are being considered for their use
in industrial applications. This includes a plethora of uses such as lubricants,
adhesives, fertilizer coatings, polishes, corrosion protection, barrier coatings,
moisture repellant, caulking compounds, explosives, or chemical binders
[78] [79] [80]. These results conform with other studies where the reported
moisture for HDPE and LDPE is roughly 0.3% at 500 oC [81] [82] and
continues decreasing as the temperatures are increased to 800 oC.

On the other hand, this high viscosity makes it challenging to consider the
waxes and oil as viable options for a diesel or gasoline fuel replacement
without prior heating. As previously mentioned, once heated the oil would
rapidly liquify, but it would congeal once allowed to cool again. This could
be addressed with pre-heaters in generators.
4.4.2 Phase 2 – Double-Stage Products
The products from the double-stage pyrolysis experiments similarly had a
negligibly small quantity of water (<1%). Although, in this case, the liquid
products had a very low viscosity and were able to be poured. This is a very
promising quality for their use as injectable fuels in a variety of engines or
generators. The low viscosity is also a favorable characteristic for the
transportation of the liquid oil as opposed to a more solid product such as the
wax produced in the single-stage pyrolysis which would either need special
transportation equipment, or a heating system built into the vehicles.
Bomb Calorimetry Results
4.5.1 Phase 1 - Single-Stage Products
Figure 16 and Figure 17 illustrate the results from the bomb calorimetry tests
conducted on HDPE and LDPE waxes gathered from the first and the second
condensers. Figure 18 illustrates the impact of blends on the calorific value
of the liquid products. Figure 19 demonstrates the effect of the downstream
furnace on the heating value of the liquid products.
In both Figure 16 and Figure 17 a noticeable decreasing trend can be
observed in the calorific value of the oils produced in relation to the
experimental temperatures. Overall, the values of both HDPE and LDPE
remained consistently above 43.0 MJ kg-1; peaking at 45.8 MJ kg-1 and 45.5
MJ kg-1 at 550 oC, respectively. This is expected and pleasantly welcomed as
this high energy content makes plastic pyrolysis oil a favorable replacement
for conventional diesel fuel which has an average calorific value of 43.0 MJ
kg-1 [83]. These values are in line with many other studies conducted on the
heating value of HDPE and LDPE pyrolysis oils [53] [81] [82]. Interestingly
the first condenser demonstrates a smaller decrease compared to the second,
dropping an average of only 1.76% over the temperature range whereas the
second drops an average of 4.03% at the final temperature. This difference
can be explained due to the nature of fractional condensation capturing a
different spectrum of compounds in each condenser. In this case, it is
noticeable that the compounds in the first fraction have more hydrocarbons
in the diesel range (C12-C18) which may have resulted in the decreased heating
value. Linking back to Gas-Chromatography Mass-Spectroscopy (GC-MS)
Results, this is clearly illustrated in Figure 8 and Figure 10 as the diesel range
demonstrates a downwards trend as the temperatures are increased,
indicating a possible correlation between the two characteristics. Figure 17
also exhibits an unusual trend, and that is the sudden increase in heating value
of LDPE’s oil above 650 oC. This is quite unexpected, and a repetition should
be performed to determine if this result is valid although it could indicate a
thermal threshold for LDPE oil after which calorific values begin to increase
or simply stabilize.
When examining Figure 18, a very interesting observation can be made. Once
again, it seems as though there is a synergistic effect when blending the two
plastics which has resulted in an increased energy value. A 1:1 ratio seems
to yield the highest energy content at 46.5 MJ kg-1. While not a tremendously
significant increase, this does spark interest in further understanding the
behavior and reaction kinetics between mixed plastics. Upon speculation,
this effect can be postulated as free radical synergism. Here, the more rapid
thermal degradation of LDPE supplements the energy provided by the reactor
to more severely degrade the HDPE in a shorter timespan and without
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Figure 18: Bomb Calorimetry Results - Pure Products vs. Blends

sapping any energy away thus, leading to an overall greater energy content.
Although having said this, it would be expected that higher ratios of LDPE
would then lead to an increased heating value, but this is not the case as
shown in these results. This may indicate a threshold for synergism where
after a certain ratio, the energy begins to decrease once again. Another
explanation could be linked to Figure 6. Here the 1:1 blend of the plastics
resulted in the highest non-condensable gas yield of the rest of the blends.
This could be indicative that there is more cracking of the plastic vapors in
this situation thus lowering the molecular weight of the remaining
compounds; and as understood, a lower molecular weight leads to easier
volatility when combusted due to lower activation energy. This has not been
proven, and other studies using these parameters have not been conducted,
but more elaborate testing or modelling can help deduce the appropriate
reaction pathway of the mixed plastics. The other two ratios of 1.5:0.5 and
0.5:1.5 still demonstrated a higher energy content than their pure product
counterparts, but as can be seen in the graph, the blends seem to accentuate
the existing values per fraction instead of altering them.
4.5.2 Phase 2 – Double-Stage Products
The calorimetry results of the double stage liquid products can be seen in
Figure 19 (note that the scale is different from the previous graphs). Overall,
the energy content of both HDPE and LDPE oils after secondary cracking
has proven to be lower than oils produced by single stage pyrolysis at 550
oC. HDPE experienced a 2.2% loss while LDPE experienced a more
pronounced 3.6 % loss. This could be attributed to an increase in secondary
reactions when the plastic vapors were exposed to the high-temperature
furnace which release more volatiles and thus strip the energy dense
compounds from the final product. This can once again be substantiated by
looking at the decreasing diesel trend in Figure 8 and Figure 10. In both these
figures, the compounds within the diesel range have reached their lowest area
percentages of all previous experiments; more so in the experiment with
LDPE than HDPE, and this is directly seen in Figure 19. The reason for this
discrepancy can once again be described by the differing physicochemical
properties of the two plastics. Regardless of this decrease in energy content,
the oils still match the calorific value of conventional diesel and so can still
be negotiated as independent sources of fuel or contenders for blending with
traditional fuels. Linking back to Reaction Kinetics the more significant
decrease in heating value of LDPE can also be described by the higher
activation energy required to initiate secondary reactions thus removing
energy from the final product.

HDPE 550:800
1st Fraction

LDPE 550:800
2nd Fraction

Figure 19: Bomb Calorimetry Results - Double-Stage Pyrolysis

Overall Discussion & Implications for Environmental
Applications
After extensive literature review, the novelty of this work has become
apparent. Few studies have ever explored the continuous pyrolysis of plastics
in a mechanically fluidized reactor, indicating that there is an extensive
amount of work that needs to be pursued. The lack of literature on blends,
which better simulate the reality of mixed and contaminated plastics that are
not easily separated to be treated individually, further proves this novelty.
Even fewer studies have explored the concept of double-stage pyrolysis,
further illustrating the untapped potential of this technology and its
efficiencies over single-stage processes. Furthermore, the mechanical
fluidization technique used in this study is known to have several advantages
over standard fluidized beds, namely: 1) The reactor is more compact 2) it is
less energy- and resource-intensive as it does not rely on the introduction of
an expendable gas (e.g. nitrogen) to induce fluidization in a solid medium
(e.g. sand), 3) the lack of this inert material prevents contamination of the
products, and 4) the product stream is far more concentrated implying it is
easier to condense, hence, saving considerable capital and operational costs.
Thus, this form of pyrolysis is considerably more sustainable than other
techniques. In addition, the prospect of high production volume through a
continuous regime is very prevalent. Where batch experiments only allow for
a fixed mass of material to be processed, which requires the reactor to be
reset before each experiment, continuous pyrolysis can hold the reactor at
temperature and introduce as much material as desired. This decreases
energy consumption through the removal of repeated heating stages.
Furthermore, continuous pyrolysis is far more scalable and efficient at an
industrial level than batch processes, as it allows for higher production
volume. Another novel factor of this research lies with the premise of
chemically recycling plastics. Traditional mechanical recycling of polymers
has existed for years although it is largely unsuitable for handling most waste
plastics for numerous reasons, including challenges faced with colorants,
additives, contamination, etc. On top of this, most plastic varieties such as
PET, HDPE, or PP cannot be blended and hence require separation which is
nearly impossible in many cases due to the nature of mixed plastic waste.
Finally, plastics such as the aforementioned can only be mechanically
recycled so many times. The polymers gradually get broken down through
repeated pelletization and reforming, thus decreasing quality. Chemical
recycling addresses many of these issues through its tolerance to impurities
in plastics and is the best approach when dealing with mixed plastics. The
polymers crack into lighter species that can be collected as a liquid
condensate suitable as fuels, or selectively cracked all the way to produce
virgin monomers. That could be ideally accomplished in one stage. However,
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since the virgin monomers are gaseous (e.g. ethylene, propylene), and since
the waste plastics are generally collected by a municipality through the waste
collection system, it is likely more economically feasible to convert the
plastic waste into a liquid. Then, the liquid could be shipped to a
petrochemical plant where it can be cracked to produce light olefins using
existing naphtha cracking technology or millisecond furnaces [84] [85].
Prior to this study, preliminary tests were run with various parameters altered
to those used in the experiments presented. Through these tests, it has been
understood that several factors have played crucial roles in the quantity and
quality of the products gathered. To begin with, the number of condensers
and their respective temperatures largely influence the composition and
yields of the oil fractions as the compounds are temperature dependant. In
addition, the method of introducing heat was tested to identify its effect on
the products; this included heating the reactor without insulation, and the
effect of adding a heat trace on the feeding auger to create an ‘extruder’.
Linking back to Energy Flux Calculation of Reactor, the importance of
having a well insulated reactor can be seen. The tests with little insulation
proved highly inefficient and the reactor was unable to maintain the
temperatures required. Once properly insulated with multiple layers of
ceramic fiber, this issue was resolved. Another contributing factor was the
addition of the heating coil on the feeding auger. Prior to its introduction, the
reactor would still experience a ΔT of roughly 50 °C (due to multiple factors
such as the feeding rate and activation energy of the plastic). Its addition
increased the efficiency of the reactor by preheating the plastic and partially
melting it before its introduction into the vessel. This helped lower the
activation energy and allowed the reaction to take place faster, without
significant losses.
Over the temperature range tested, the product yields have evolved as
expected, with liquid yields being negatively correlated to an increasing
severity. This was further demonstrated in the double-stage pyrolysis which
had the least liquid products of all experiments. LDPE had less variation past
600 oC whereas HDPE’s products were exponentially inversely proportional.
Single-stage experiments with plastic blends at varying ratios also illustrated
a form of synergism leading to a higher overall condensable yield when
compared to their pure product counterparts. With regards to the results
gathered from the GC-MS analysis, there were several noteworthy
takeaways. To begin with, lower temperature reactions proved to be very
lucrative for aromatic-free liquids which would very easily be incorporated
into the current diesel-fuel market, whereas high temperature liquid products
which were richer in aromatics could be more catered towards the gasoline
market. In both cases, based on product composition, the plastic oils can
readily be mixed with commercial fuels thus supplementing the current fuel
economy. This is further supported by the oil’s lack of sulfur which would
not release harmful SO x emissions through combustion. The high olefin
content in the double-stage reactions confirmed the hypothesis that the
vapors can be further cracked to generate lighter compounds. This is another
favorable quality as it implies the liquid fraction from this process is a good
intermediate for further processing to industrial compounds such as ethylene
and propylene; both of which are amendable for repolymerization into
polyethylene plastics. Overall, the GC-MS results clearly illustrate two
robust pathways that the liquid products can take depending on the type of
reaction tested. The single-stage pyrolysis products, especially those of
blends, can serve as alternative fuels, and industrial lubricants, moisture
repellants, etc. due to their waxy nature. The double-stage pyrolysis products
can be better utilized as precursors to industrial monomers due to the
compounds being cracked to a greater extent than in the single stage
experiments. The Micro-GC results further substantiate the proof that
secondary cracking can lead to a monomeric product through secondary
reactions. Although these tests overshot the desired compound, ethylene, the
technique has proven its effectiveness and with refinement this can be
corrected. In addition, if the monomer isn’t the desired product, then these
results have similarly proved the effectiveness of creating a potent fuel source
in the form of methane gas and other lighter fuels through extensive cracking
of heavier hydrocarbons. Of course, the system would require optimization
of the appropriate temperature selection and contact time. Karl-Fischer
titration has also proven that the low content of dissolved water in both single
and double-stage pyrolysis makes the liquid products appropriate for mixing
with traditional fuels. Finally, the energy content of the liquid samples
determined through bomb calorimetry have demonstrated tremendous
favourability for rivaling conventional fuels. The calorific values seem to be
linked to the diesel fraction of compounds which decreases with increasing
temperature and severity; thus, the lower temperatures of the single-stage
experiments have yielded the highest energy content. Furthermore, plastic

blends of HDPE and LDPE have demonstrated a synergistic behavior in
which the heating value increased to a maximum of 46.5 MJ kg-1 with a 50:50
blend of the two plastics. It has been reported in literature [53] [86] [87] [88]
that the energy required to pyrolyze 1 kg of PE is roughly 1.20 MJ whereas
the energy contained within the products is far higher. This requirement
represents only 2.58% when compared to the output of 46.5 MJ kg-1, proving
that this technology is net energy positive.
Through these analyses, the physicochemical properties of the products have
proven that they are of far greater value than the initial feedstocks. Both the
liquid and the gaseous products can be used to aid the growing energy and
chemical economy through their uses as fuels or as industrial precursors for
further processing. Although very promising, the primary hinderance lies
with the necessity of a paradigm shift in modern industry. Corporations need
to understand the value contained within plastic waste and direct their efforts
to extracting said value through processes such as pyrolysis or gasification,
as opposed to relying on virgin materials. Rather than sending unrecyclable
mixed plastic waste to landfills at a cost, the proposed approach would
contribute to a circular economy, where the waste is repurposed or
reconverted into the virgin monomers. While straight forward on paper, the
harsh reality is that far more work must be done to ensure the total conversion
into value-added products and to maximize the value of said products based
on market opportunities. This would help scale the technology to a stage that
can compete on an economic, energy, and logistical level with current residue
pathways.

5.

Conclusions

In this study, the chemical recycling of HDPE and LDPE plastics was
investigated using a single and double-stage continuous pyrolysis reactor.
Blends of the plastics were also created at 0.5:1.5, 1:1, and 1.5:0.5 ratios of
HDPE and LDPE respectively to emulate mixed plastic waste. A temperature
range of 550 – 700 oC was used in the first stage, while the second-stage
introduced a downstream furnace at 800 oC. A two-stage condensation
system (50 oC; 5 oC) was used to gather the liquid products, while sampling
bags were used capture the gases leaving the condensers. To characterize the
liquid and gaseous products collected, four techniques were used, namely:
Gas-Chromatography Mass-Spectroscopy (GC-MS), Micro GasChromatography (Micro-GC), Karl Fischer Titration, and Bomb
Calorimetry.
As expected, lower temperatures resulted in higher liquid yields while higher
temperatures produced more gases due to more extensive polymer
degradation. Plastic blends all yielded more liquid products at 550 oC. The
results gathered proved that the oil and gas products are suitable replacements
for, and are mixable with, conventional diesel (products of lower temperature
reactions) and gasoline (products of higher temperature reactions). They are
also applicable for further industrial processing as precursors for monomers
and other LMW hydrocarbons. Thermal cracking with the downstream
furnace has proven that secondary high-severity reactions can create even
higher quality liquid fuels in the form of aromatic-rich gasoline, as well as
methane-rich gaseous fuels. Furthermore, secondary cracking has also
created products that are much richer in LMW compounds implying that less
processing would be needed to reach a monomer state. The energy content
off all liquid samples rivaled and even surpassed that of conventional diesel
with blends yielding the highest calorific value of 46.5 MJ kg-1 indicating a
synergistic effect between blending HDPE and LDPE. When compared to
literature, this process outputs 97.4% more energy than required to pyrolyze
the raw material which makes this technology net energy positive and a
viable method for dealing with plastic wastes.

6.

Recommendations for Future Research

Due to the relative novelty of pyrolysis, it is imperative to not only look at
existing literature in this field, but to also look to the future of the technology.
This is even more relevant due to the lack of extensive study on plastics
pyrolysis specifically. Throughout this project it is to be expected that there
could be elements of both human and instrumental error and therefore the
results cannot be deemed 100% accurate. Thus, additional work including
repetitions of both experiments, and analytical tests would be recommended
to ensure validity. Ideally, duplicates of each experiment would be sufficient
to provide unequivocal accuracy.
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In terms of further forms of characterization, the following analyses would
supplement the current information greatly:










Fourier Transform Infrared Spectroscopy (FTIR)
o
FTIR is an analytical technique used for determining the
functional groups of oil or wax samples through their
interaction with infrared light. This is important to understand
the interactions of the oils and waxes when used as fuels,
treated further, as well as for a more precise identification of
compounds present in each sample based on chemical bonds. It
has been used extensively in other studies [89] [90] [91].
Gas-Chromatography Flame Ionization Detection (GC-FID)
o
To compliment FTIR, GC-FID is a technique used to quantify
the compounds that are present in plastic oils due to the
presence of hydrocarbons. GC-FID combusts the samples
releasing carbon ions which trigger an electrode, and with the
current being directly proportional to mass, the concentration
can be deduced. Similarly used in many studies [92] [93]
Thermogravimetric Analysis (TGA) / Derivative Thermogravimetry
(DTG)
o
Thermogravimetry is a method of plotting mass loss at different
temperatures to study thermal kinetics including heat transfer,
heat loss, reaction order, behavior at said temperatures, reaction
mechanisms and more. This form of analysis allows for
accurate modelling of plastics as they undergo pyrolysis
reactions which can allow for a catering of a certain product if
desired [94] [95].
Distillation Curve Analysis
o
Understanding the distillation curves for the liquid fraction
produced can provide insight on the bulk behavior of complex
fluids such as the oils and waxes produced. These curves can
estimate engine starting ability, fuel autoignition, fuel system
icing, etc. In environmental applications it can assist in
understanding how to appropriately blend these oils with
conventional fuels [59] [96].
Life Cycle Assessment (LCA)
o
Pyrolysis is meant to be a carbon neutral, if not carbon negative
technology, allowing materials to be converted from waste into
higher value products. A life cycle assessment of the entire
pathway of plastic from its initial creation, to its end use after
pyrolysis would be an interesting study on the effectiveness and
usefulness of this technology.

Another pathway for future research could come in the form of modifications
of the current setup. This could include an expansion of the temperature range
worked with, the temperatures and number of condensers (or the introduction
of an electrostatic precipitator), the feeding rate, residence time, use of
catalysts, or exploring the effect of pressure in the system. Finally, there are
several ways this work could be continued. Firstly, millisecond cracking of
the products to their monomers could be pursued as touched upon in the
theoretical background chapter. Secondly, the existing liquid products could
be re-pyrolyzed for further purification and cracking into naphtha range
products which would prove useful directly as fuels, or in further processing
down to the monomer. Finally, both the liquid and gas products could be
experimentally tested in diesel engines or generators to determine their
efficiency and practical feasibility in the real world.

14 | P a g e

high value gasolinerange hydrocarbons (HC)," Elsevier, Safat,
2019.
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Appendices
Appendix 1: Supplementary Information
Table 5: Experimental Conditions per Run

Run
Number

Run
Feedstock

N2 Flow Rate
(L min-1)

Feed Rate (g
min-1)

Temperature
(oC)

1
2
3
4
5
6
7
8
9
10
11
12
13

HDPE
HDPE
HDPE
HDPE
LDPE
LDPE
LDPE
LDPE
H:L 50:50
H:L 75:25
H:L 25:75
HDPE
LDPE

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

12
12
12
12
12
12
12
12
12
12
12
12
12

550
600
650
700
550
600
650
700
550
550
550
550
550

Downstream
Furnace Temp.
(oC)
X
X
X
X
X
X
X
X
X
X
X
800
800

Cond. 1
Temp. (oC)

Cond. 2
Temp. (oC)

50
50
50
50
50
50
50
50
50
50
50
50
50

5
5
5
5
5
5
5
5
5
5
5
5
5
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Appendix 2: Images of Equipment & Products

Figure 206: Reactor Pre-Modification
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Figure 21: Reactor Post-Modification 1

Figure 23: Reaction Products

Figure 22: Reactor Post-Modification 2

Figure 24: Wax after heating at 60°C
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Appendix 3: Classification of Plastics
Table 6: Classification and Properties of Plastics [97] [98] [99] [100] [101] [102]
Plastic Type
Polyethylene
terephthalate

High-density polyethylene

Polyvinyl chloride

Low-density polyethylene

Polypropylene

Identification Code

Physicochemical Properties

Recycling number or resin
identification code: 1

Chemical formula:
(C10H8O4)n

Density: 1.38 g/cm3

Melting point: > 250°C

Boiling point: > 350°C

Lower heating value: 22.07
MJ/kg

Recycling number or resin
identification code: 2

Chemical formula: (C2H4)n

Density: 0.941-0.96 g/cm3

Melting point: 130°C

Lower heating value: 42.2
MJ/kg

Relatively hard and strong

Resistant to chemical and
physical stress

Recycling number or resin
identification code: 3

Chemical formula: (C2H3Cl)n

Density: 1.38 g/cm3

Melting point: 100-260°C

Lower heating value: 22.26
MJ/kg

Resistant to chemicals

Negligible permeability to
gases

Recycling number or resin
identification code: 4

Chemical formula: (C2H4)n

Density: 0.91-0.925 g/cm3

Melting point: 115°C

Barrier to moisture

Relatively soft and flexible









Polystyrene








Others:
This category includes
polybutylene terephthalate,
polycarbonate, polylactic
acid, acrylic, acrylonitrile
butadiene styrene,
multilayered mixed
polymers and nylon.




Recycling number or resin
identification code: 5
Chemical formula: (C3H6)n
Density: 0.855 g/cm3
Melting point: 130-171°C
Lower heating value: 41.04
MJ/kg
Resistant to chemicals and
heat
Tough but flexible
Recycling number or resin
identification code: 6
Chemical formula: (C8H8)n
Density: 0.96-1.04 g/cm3
Melting point: 240°C
Flexible and brittle
Less resistance to fats and
solvents
Recycling number or resin
identification code: 7
Difficult to recycle

Examples of Final Products

Potable water bottles

Beverage bottles

Food trays

Medicine jars

Clothing and carpet fiber

Electrical insulations

X-ray and photographic
films





















































Three-dimensional printer
filament
Bottle caps
Detergent and bleach
bottles
Milk bottles
Buckets
Coax cable insulation
Electrical plumbing boxes
Food storage containers
Credit card
Vinyl records
Wire rope
Cable sheathing
Construction flooring
Door and window frames
Plumbing pipes and
fittings
Ceiling tiles
Home playground, toys
Shampoo bottles
Detergent bottles
Flexible bottles
Edible oil containers
Plastic cans
Irrigation pipes
Packaging bags
Bubble wrap
Shopping bags
Bottle caps
Chips bags
Biscuit wrappers
Drinking straws
Heavy-duty bags
Plant pots
Crates
Chairs and desks
File folders
Tarpaulin
Car bumpers
Flexible plastics
Packing peanuts
Styrofoam
Plastic cups
Disposable cutlery
Fast food trays
Egg boxes
Coat hangers
Baby bottles
Plastic lumber
Safety shields
Safety glasses
Headlight lenses
Compact discs, digital
versatile discs,
Automotive, aircraft and
railway components
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After combining all aspects, we can produce the governing formula:

Appendix 4: Further Energy Flux Calculation
While out of the scope of this project, to truly understand the thermal kinetics
involved with use of an induction heating system, Maxwell’s equations must
be turned to, namely [103]:
𝐽⃗ = 𝜎𝐸⃗⃗

;

⃗⃗ = ∇
⃗⃗ ∙ 𝐴⃗
𝐵

;

𝐸⃗⃗ = −∇𝑉 −

𝜕𝐴⃗
𝜕𝑡

(8)

Where:
J = Total Electric Current Density
σ = Conductivity
E = Electric Field
B = Magnetic Field
V = Electric Potential
𝐴⃗ = Magnetic Vector Potential

[∇2 + 𝜇0 𝜇𝑟 (𝜖0 𝜖𝑟 𝜔 2 − 𝜄̇𝜎𝜔)]𝐴⃗ = 𝜇0 𝜇𝑟 (𝜎 + 𝜄̇𝜖0 𝜖𝑟 𝜔)

𝑉𝑐𝑜𝑖𝑙
𝜙⃗⃗
2𝜋𝑅

(11)

Due to the nature of induction heating, it is also understood that the plastics
are not themselves being directly heated. Instead, they rely on heat transfer
from the heated vessel to reach the target temperature, thus taking energy
away from the system. This is modeled by the heat equation:
𝜂𝐶𝑃

𝜕𝑇
⃗⃗𝑇) + 𝑄
+ 𝜂𝐶𝑃 𝑢
⃗⃗ ∙ ⃗∇⃗𝑇 = ⃗∇⃗ ∙ (𝑘∇
𝜕𝑡

(12)

Where:
𝜂 = Volumetric Mass Density
𝐶𝑃 = Specific Heat Capacity at Constant Pressure
k = Thermal Conductivity
𝑢⃗⃗ = Unit Vector
t = Time
T = Absolute Temperature

Following this, Ampere-Maxwell’s law needs to be incorporated to include
the magnetic permeability of the vessel’s material as well as its electrical
permittivity thus giving us:

1
Q = Power Generated from Eddy Currents (𝑄 = 𝑅𝑒(𝐽⃗ ∙ 𝐸⃗⃗))
2

𝜕
𝜕𝐴⃗
⃗∇⃗ ∙ (∇
⃗⃗ ∙ 𝐴⃗) = 𝜇0 𝜇𝑟 [𝐽⃗ + 𝜖0 𝜖𝑟 ] (−∇
⃗⃗𝑉 −
)
𝜕𝑡
𝜕𝑡

(9)

Where:
𝜇𝑟 = Magnetic Permeability
𝜖𝑟 = Electrical Permittivity
It is also understood that because alternating current (AC) is being used, 𝐸⃗⃗,
V and 𝐴⃗ are oscillating with the angular frequency ω.
So, applying the Fourier Transform Convention [104] to convert the
equations into the time domain, we get:
𝐸⃗⃗ = (𝑟,
⃗⃗⃗ 𝑡)
𝑉 = (𝑟,
⃗⃗⃗ 𝑡)
𝐴⃗ = (𝑟,
⃗⃗⃗ 𝑡)

→ 𝐸⃗⃗ = (𝑟⃗)𝑒 𝑖ωt
→ 𝑉 = (𝑟⃗)𝑒 𝑖ωt
→ 𝐴⃗ = (𝑟⃗)𝑒 𝑖ωt

In addition, the shape of the coils must be taken into consideration and this
has been modeled as:
⃗⃗𝑉 =
∇
Where:
R = Radius
𝜙⃗⃗ = Unit Vector
V = Electrical Potential

𝑉𝑐𝑜𝑖𝑙
𝜙⃗⃗
2𝜋𝑅

(10)

Finally, because the reactor is heavily insulated, we can neglect heat loss
through convection and conduction on the vessel’s surface. That being said,
thermal radiation is proportional to the temperature to the order of four,
implying that radiation is the dominant form of heat loss; it is modeled as
follows:
𝐸𝑏 (𝑇) = 𝜀𝜉𝑇 4

(13)

At the boundary:
−𝑛⃗⃗ ∙ 𝑞⃗ = 𝐺 − 𝐽 and (1 − 𝜀)𝐺 = 𝐽 − 𝜀𝐸𝑏 (𝑇)
Where:
𝑛⃗⃗ = Normal Vector on Boundary
𝑞⃗ = Radiation Heat Flux Vector
G = Incoming Radiative Heat Flux
J = Total Outgoing Radiative Heat Flux
𝜀 = Emissivity of Material
𝐸𝑏 (𝑇) = Blackbody Hemispherical Total Emissive Power
𝜉 = Stefan-Boltzmann Constant
Simulating these kinetics can be accomplished through the use of software
such as COMSOL Multiphysics [105], or CELSIUS [106]. As mentioned,
the simulation and modeling of these equations falls out of the scope of this
project, but the methodology is sound as has been proven by other studies
[103] [107].
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